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Regulatory elementss events are essential for complex and delicate transcriptional regulation. To
delineate the features and potential roles of alternative promoters (APs) correlated with alternative splicing
(AS), we have systematically analyzed 9908 putative alternative promoters (PAPs) from 3797 human genes.
Our results showed that ∼65% of AS events are associated with PAPs. Intriguingly, PAPs per human AS gene
only averaged 2.6 for our dataset, which was signiﬁcantly lower than previously reported. This seems to
imply that the human genome contains a small pool of appropriable PAPs for AS genes. Exploration of the
characteristics of PAPs such as CpG islands, TATA boxes, GC-content, transcription factor binding sites (TFBSs)
and repetitive elements suggested that, respectively, 87% and 90% of PAPs of human AS genes are CpG- and
TATA box-poor. The GC-content is signiﬁcantly higher in the downstream of transcription start sites (TSSs)
than upstream (58% vs. 53%), and there is a strong negative correlation between the GC-content and the
number of PAPs. These suggested that GC-content around the TSSs plays an important role in the regulation
of AS. Moreover, different APs contain distinct densities of repetitive elements and TFBSs, indicating that such
sequences have an intrinsic role in the divergent regulation of PAPs and AS. Substantial difference was also
found between human AS genes in terms of PAP numbers. A close connection between PAPs and AS may play
a critical role in the choice of APs and regulation of AS genes. Furthermore, the distribution of AS genes on
different human chromosomes also inﬂuences the numbers of PAPs and isoforms of AS genes. Our results
may provide important clues for further studies on regulatory network of transcription-related events.
© 2009 Elsevier Inc. All rights reserved.IntroductionWith the completion of more and more genomic sequences, the
next challenge for mammalian genomics is to understand how
transcription is regulated. Two seemingly independent events, i.e.,
alternative splicing (AS) and alternative promoters (APs), are known
to play important roles in gene expression, among which AS has been
regarded as an important post-transcriptional regulatory mechanism
that can increase transcriptome and proteome diversity [1,2]. Recent
studies have shown that 35–60% of human genes are subject to AS [3–
5], through which each gene in average can produce more than 3
transcript variants [6]. AS has already been recognized as a major
contributor to the regulatory mechanisms for gene expression under
both normal and disease conditions [7–9].tive promoter(s); LCR(s), Low-
moter(s); TF(s), Transcription
S(s), Transcription start site(s).
ll rights reserved.In mammals, multiple mRNAs for a single gene may also be
generated by selective use of APs. It has come to light that
approximately 52% of human coding genes possess two or more
putative alternative promoters (PAPs), and that combined use of AS
and APs probably plays a pivotal role in generating the transcript
diversity required for the highly complex molecular systems [10]. As
shown by recent studies, splicing processes are tightly coupled with
transcription [11–16]. In some cases, promoter identity is connected
with AS of downstream transcripts [17,18]. Parra et al. had conﬁrmed
that, for protein 4.1R (EPB41) gene, APs are coordinated with AS
through a two-step intra-splicing mechanism [19].
Although bioinformatics analyses have revealed a rich variety of
characteristics for regulatory elements, and some of which are known
to have an inﬂuence on AS, systematical analysis of APs from human
AS genes has been constrained by the relatively small datasets of TSSs
and adjacent putative promoters. Kimura et al. [10] had analyzed
1,780,295 5′-end sequences of full-length human cDNAs derived from
164 oligo-cap cDNA libraries and identiﬁed 269,774 independent TSSs
among 14,628 human Refseq genes [10], which has provided valuable
clues for further research into such direction. To explore the
characteristics and potential function of PAPs correlated with AS
Table 2
Proportions of TATA-rich PAPs
AS genes (%) Total genesa (%)
PAP-poor 8 17
PAP-rich 10 11
Total 10 13
a Data was adapted from Kimura et al. [10].
421X. Ma et al. / Genomics 93 (2009) 420–425events, we have systematically studied 9908 PAPs from 3797 human
AS genes retrieved from the Swissprot database and compared them
with those from of non-AS ones. We also examined the difference
between PAP-rich (with 2 or more PAPs) and PAP-poor (with only 1
PAP) promoter regions with respect to the frequencies of basic
elements, namely, CpG islands, TATA boxes, GC-content, TFBSs and
repetitive elements.
Results and discussion
Potential correlation between PAPs and AS
Relatively short sequences (several hundred to several thousand
base pairs depending on the species) ﬂanking TSSs are known to play
an important role in the regulation of gene expression [20]. According
to previous studies, a genemay havemore than one independent TSSs,
i.e., alternative TSSs [10]. Xuan et al. [21] had determined the
conservation scores for regions ﬂanking the TSSs in various lengths,
and found that the region from −700 to +300 gave the best
discrimination between the known promoter-training set and the
control set. In the present study, we have adapted the above deﬁnition
for the PAPs. Based on DBTSS, a TSS database featuring unique
collection of precise, experimentally determined 5′-end sequences of
full-length cDNAs, PAPs for 3797 human AS genes retrieved from the
Swissprot database was studied. Here, genes containing two or more
PAPs were deﬁned as PAP-rich, otherwise they were deﬁned as PAP-
poor. As shown in Table 1, 1328 (35%) out of the 3797 genes were PAP-
poor, i.e., containing only one PAP (only principal promoter). This has
contrasted with the report by Kimura et al. [10] that 52% of human
Refseq genes are subject to the regulation by PAPs. That said, PAP-rich
genes are relatively ubiquitous among human AS genes. Statistically, a
positive correlation was also found between the numbers of
transcriptional isoforms and PAPs (F=123.33, pb0.0001), conﬁrming
that genes with more PAPs do produce more AS isoforms (Supple-
mentary File 2).
Analysis of the 9908 PAPs embedded in the 3797 genes showed
that, in average, there are 2.6 PAPs per human AS gene, which has also
contrasted with the result by Kimura et al. [10] that in average there
are 3.1 PAPs per human Refseq gene. Statistical analysis conﬁrmed
such difference to be signiﬁcant (T=15.63, pb0.0001). Previous
studies have suggested that promoter identity may inﬂuence AS of
downstream transcript through factor recruitment and/or RNA
polymerase II elongation [17,18,22]. Fewer PAPs in the human AS
genes, as discovered here, indicated that they as a whole play certain
roles in regulating splice ability rather than creating multifarious
isoforms in such genes.
Taken together, the strong correlation between the number of
isoforms and PAPs has suggested a key role for the latter in the
regulation of AS genes. On the other hand, fewer PAPs per human AS
gene also indicated that they as awhole play certain roles in regulatingTable 1
Distribution of human genes containing various numbers of PAPs
No. of PAPs No. of AS genes No. of total genesa
1 (PAP-poor) 1328 (35%) 6954 (48%)
2 985 (26%) 3724 (26%)
3 588 (15%) 1821 (12%)
4 383 (10%) 1003 (7%)
5 207 (5%) 490 (3%)
6 135 (4%) 294 (2%)
7 60 (2%) 147 (1%)
8 52 (1%) 85 (0.6%)
9 19 (0.5%) 42 (0.3%)
10 18 (0.5%) 25 (0.2%)
N10 22 (0.6%) 43 (0.3%)
Total 3797 14,628
a Data was adapted from Kimura et al. [10].splice ability rather than creating multifarious isoforms for such
sequences as the result of evolution.
Respectively, 87% and 90% PAPs of human AS genes are CpG- and TATA
box-poor
CpG islands and TATA boxes are well-known promoter elements
for the regulation of basal transcription. CpG islands are clusters of
CpG dinucleotides within GC-rich regions and represent an important
feature of the mammalian genome [23]. TATA box, also known as the
Hogness box, binds with the TATA binding protein (TBP) and is often
involved in transcription initiation [24]. To delineate the character-
istics and potential roles of APs correlated with AS, we have identiﬁed
CpG islands and TATA boxes embedded in all of the listed PAPs. Again,
we classiﬁed PAPs as CpG- or TATA box-rich promoters when they
contain one or more such sequences. As shown in Table 2, only 10% of
PAPs of human AS genes are TATA box-rich. For PAP-rich human AS
and Refseq genes, the proportions of TATA box-rich promoters were
similar (10% vs. 11%). However, for those that are PAP-poor, the
proportion of TATA box-rich promoters in AS genes was less than half
of that of Refseq genes (8% vs. 17%) [10]. This has excluded a role for
TATA box in the regulation of human AS genes. As TATA-box promoter
only represents a minority of PAPs in human AS genes, lack of it in
such genes also implied that other regulatory elements probably
contribute more to the regulation of gene expression.
As shown in Table 3, CpG-rich promoters were signiﬁcantly fewer
(13%) in AS genes than in human Refseq genes (34%) [10]. The
proportions of CpG-rich promoters for PAP-rich and PAP-poor genes
were 11% and 22%, respectively, both being lower than those of total
human genes (28% and 58%, respectively). This revealed that human
AS genes tend to hold CpG-poor promoters. Previous studies have
shown that CpG-rich promoters are dominating ones for ubiquitous
expression [24]. In contrast, CpG-poor promoters are more frequently
used for tissue-speciﬁc or signal-dependent expressions [10,26].
Taken together, above results indicated that the PAPs in AS genes
probably play an important role in regulating temporal and spatial
expressions.
The AS genes were classiﬁed into 11 groups based on the numbers
of PAPs they possess. As shown in Fig. 1, along with the increase in PAP
numbers, the proportions of CpG-rich promoters presented a clear
downtrend. As CpG-poor promoters are more frequently used for
tissue-speciﬁc and/or signal-dependent gene expression, increased
CpG-poor promoters in AS genes with more PAPs also indicated that
PAPs in such genes play a great role in regulation of tissue-speciﬁc
and/or signal-dependent gene expression. Differential promoter
usage in various temporal and spatial settings needs to recruit
tissue-speciﬁc splicing factors, which in turn facilitate AS isoforms
present in different tissue environments. Notably, distribution of CpG-Table 3
Frequencies of CpG-containing PAPs
AS genes (%) Total genesa (%)
PAP-poor 22 58
PAP-rich 11 28
Total 13 34
a Data was adapted from Kimura et al. [10].
Fig. 1. Correlation between the number of PAPs and proportions of the CpG-rich
promoters. The abscissa axis shows the 11 gene groups classiﬁed based on the numbers
of PAPs they possess. The vertical axis shows proportions of CpG-rich promoters. Along
with the increase in PAP numbers, the proportions of CpG-rich promoters clearly
presented a downtrend.
Fig. 3. Distributions of TFBSs in the down- and upstream of TSS. The abscissa axis shows
relative density of various TFBSs families (see text for details of calculation). The vertical
axis shows proportions of GC-poor and GC-rich TFBSs. GC-rich TFBSs appeared to be
more ubiquitous in the downstream of TSSs in human AS genes.
422 X. Ma et al. / Genomics 93 (2009) 420–425islands formed a signiﬁcant peak around the TSSs (Supplementary File
3), which was in agreement with previous reported signiﬁcant
correlation between the positions of CpG-islands and TSSs [25].
GC-content can inﬂuence the regulation of APs
GC-content is known to inﬂuence not only genome evolution and
gene organization features [27], but also promoter characteristics and
gene expression regulation [28,29]. In addition, it may also inﬂuence
important features such as the “bendability” and curvature of the DNA
double helix, which can in turn affect the interaction between DNA
and chromatin to impact transcription [30]. To delineate the biological
features of the selected PAPs, the GC-content was calculated for
regions ﬂanking the alternative TSSs. As shown in Fig. 2, GC-content
was signiﬁcantly higher in the downstream of alternative TSSs (58%)
than upstream (53%) (F=437.34, pb0.0001). Further analysis also
found a strong negative correlation between the GC-content of both
up- and downstream of TSSs and the number of PAPs (upstream: r=
−0.1446, F=211.54, p b0.0001; downstream: r=−0.2027,
F=424.24, pb0.0001; n=9908). This indicated that GC-contentFig. 2. Average GC-content in the down- and upstream of TSSs. The abscissa axis shows
the 11 gene groups classiﬁed based on the numbers of PAPs they possess. The vertical
axis shows average GC-content in the down- and upstream of TSSs of each group. GC-
content was higher in the downstream of TSS (58%) than upstream (53%). Along with
increase in the number of PAPs, the average GC-content presented a downtrend.around TSS plays a critical role in the regulation of APs in human AS
genes. Recent reports have shown an extensive variation in GC-
content in both up- and downstream regions around TSSs [30]. It is
thereby deducible that GC-content in such regions may inﬂuence the
TFBSs, leading to regulation of AS of human genes.
Transcription factors, binding mostly and speciﬁcally to the
promoter regions, regulate gene transcription. In the present study,
TFBSs with GC-content higher than 60% were deﬁned as GC-rich.
Distribution of GC-poor and GC-rich TFBSs in the down- and upstream
of TSSs was analyzed in the light of relative densities in such regions
(see Materials and methods). As shown in Fig. 3, GC-rich TFBSs
appeared to be more ubiquitous in the downstream of TSSs of human
AS genes. When relative densities of TFBSs in PAPs of different AS gene
groups were considered (Supplementary File 4), GC-poor TFBSs were
found to be signiﬁcantly more common in the PAPs of PAP-poor AS
genes. However, with the increase of PAPs, difference between GC-rich
and GC-poor TFBSs became non-signiﬁcant. This conﬁrmed that PAPs
in different AS gene groups have distinct preference for GC-rich or GC-
poor TFBSs, which may provide clues for understanding of the
relationship between APs and AS of human genes.Fig. 4. Proportions of PAPs containing various types of repetitive elements. Proportions
of PAPs containing various types of repetitive elements including SINEs, LINEs, LTR
elements, DNA elements, Simple repeats and Low-complexity repeats (LCRs) are
shown. The abscissa axis shows the 11 gene groups classiﬁed based on the numbers of
PAPs they possess. The vertical axis shows proportions of repetitive element-containing
promoters of various groups.
Fig. 5. Average densities of common TFBSs identiﬁed from PAPs of human AS genes.
(A) Five most abundant TFBSs identiﬁed within the PAP regions. (B) Less abundant
TFBSs identiﬁed within the PAP regions. The abscissa axis shows the 11 gene groups
classiﬁed based on the numbers of PAPs they possess. The vertical axis shows average
densities of TFBSs. M3, M4, M6, M10, M13, M33, M45, M56, M79 and M86 denote
MA0003-AP2alpha, MA0004-ARNT, MA0006-Ahr-ARNT, MA0010-Broad-complex_1,
MA0013-Broad-complex_4, MA0033-FREAC-7, MA0045-HMG-IY, MA0056-MZF_1-4,
MA0079-SP1 and MA0086-Snail, respectively.
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Coding sequences comprise less than 5% of the human genome,
whereas repetitive sequences account for about 50% and probably
more [31]. The latter represents an extraordinary trove of regulatory
information for various biological processes. As the major part of
repetitive elements, transposable elements including SINEs, LINEs,
LTR elements and DNA elements comprise approximately 45% of the
human genome [6,32]. Such elements also play a vital role in the
evolution and gene regulation [33–36]. Other types of repetitive
sequences such as the Simple repeats and Low-complexity repeats
(LCRs) may also serve to modify gene expression and have an
inﬂuence on transcription regulation and protein function [37]. As a
result of insertional events, complex functions and regulatory
mechanism may emerge for repetitive elements. As shown in Fig. 4,
SINE-containing PAPs are most abundant in the selected human AS
genes. Notably, PAPs with LCRs are also abundant in such genes. Along
with the increase in PAPs numbers, the proportion of PAPs with LCRs
presented a downtrend, and no such trend was found with other
classes of repetitive elements. This indicated both SINEs and LCRs to
play an important role in the regulation of PAPs in human AS genes.
Zheng et al. [38] suggested that transposable elements, but not other
repetitive elements, play a speciﬁc role in the evolution of AS. The
abundance of SINE-containing PAPs in human AS genes suggested that
such regions have provided a ground for quantitative and qualitative
variation as well as a proliﬁc source for evolution. As for Simple
repeats and LCRs, higher densities of LCRs may ensure the ﬁdelity of
regulation. The downtrend of LCRs content along with the increase in
PAPs numbers reﬂected that LCRs are important for the promoter
divergence and regulation, which also was sustained by a recently
reported connection between promoter divergence and gene evolu-
tion [39]. Taking together, above ﬁndings had conﬁrmed that AS genes
with different numbers of PAPs contain distinct number of repetitive
elements, which in turn have important contributions to the
regulation of APs and AS.
We also analyzed the densities of TFBSs in the promoter sequences
and identiﬁed a signiﬁcant difference between PAP-poor and PAP-rich
regions (F=711.23, pb0.0001).We calculated the density of TFBSs and
analyzed ten most abundant ones from promoter regions. As shown in
Fig. 5, along with the increase in PAP numbers, average densities of
M13, M10, M33 and M45 clusters presented an uptrend. In contrast,
M3 and M79 clusters, which were most abundant in PAP-poor
promoter regions, presented a sharp downtrend. The over-representa-
tion of the M3 and M79 clusters indicated that both are crucial for the
regulation of PAP-poor AS genes. On the other hand, increased M13,
M10, M33 and M45 in PAP-rich AS genes reﬂected that they are more
important in regulating such genes. Although the intrinsic role of
different clusters in the divergent regulation is still far from clear,
above observations may provide novel clues for further investigations.
Inﬂuences of the AS gene distribution on PAPs
We had further assessed the impact of chromosomal distribution
of AS genes derived from the Uniprot database (http://www.uniprot.
org/docs/) on the PAPs (Supplementary Files 1 and 6). As shown by
the results, the average numbers of PAPs for AS genes located on
chromosomes Y (3.6000), 13 (3.0484) and 18 (3.0484) were
signiﬁcantly greater than those for chromosomes 14 (2.3741), X
(2.2786) or 19 (1.9207) (ANOVA: F=2.90, pb0.0001). In addition, AS
genes located on chromosomes 21, 8 and 10 have signiﬁcantly more
isoforms (means: 3.5357, 3.2294 and 3.1965; ANOVA: F=1.57,
pb0.05), whilst those located on Y chromosome have a slightly
lower median value at 2.2000. Therefore, dissimilar distribution of AS
genes on different human chromosomes may also inﬂuence the
numbers of PAPs and AS gene isoforms. This was in keeping with
previous reports that chromosomal distribution of genes is typicallynonrandom [40–42]. Furthermore, we had constructed Gene Ontology
(GO) proﬁles, which were summarized in Supplementary File 7.
ANOVA analysis showed that there are no signiﬁcant differences in
GC-content, average number of CpG islands, repetitive elements, PAPs
and isoforms of AS genes among different functional classes (F=0.09,
p=0.9975N0.0001).
Taken together, our results revealed that the regional base
composition such as CpG islands, GC-content, TATA boxes, repetitive
elements and TFBSs can all drive the evolution and inﬂuence the
expression of human AS genes.
Conclusions
By analyzing 9908 PAPs identiﬁed from human AS genes, we have
demonstrated a potential connection between PAPs and AS, with the
number of PAPs being positively correlated with that of AS isoforms.
Our results showed that PAP-rich genes are relatively ubiquitous
among human AS genes, despite that the average number of PAPs per
AS gene was signiﬁcantly lower than that of human Refseq genes.
Furthermore, human AS genes with various numbers of PAPs showed
distinct features for basic promoter elements such as CpG islands,
TATA boxes, GC-content, repetitive elements and TFBSs. The diver-
gence of such elements conﬁrmed that different PAPs have critical
inﬂuence on human AS genes in dissimilar forms. Differential
promoter usage in various temporal and spatial settings needs to
recruit tissue-speciﬁc splicing factors, which can in turn facilitate AS
isoforms to present in different tissues. The most supportive model of
such processes is that internal AS variants are the consequence of
424 X. Ma et al. / Genomics 93 (2009) 420–425important changes in pre-mRNA secondary structure resulted from
differential usage of ﬁrst exons [18]. Promoter identity may inﬂuence
AS of downstream transcript through factor recruitment and RNA
polymerase II elongation, and that the latter in turn can affect the
frequency of exon inclusion [17,18,22]. Several splicing proteins have
been found to directly interact with the C-terminal domain of RNA
polymerase II, thereby promoting the otherwise weak interactions
between the splicing factors and pre-mRNA [43,44]. Binding of
speciﬁc splicing factors with PAPs of particular features therefore
may inﬂuence the rate of polymerase II elongation and lead to
differential splicing. Our result that PAPs are positively correlated with
AS is in keepingwith recent ﬁndings that splicing processes are tightly
coupled with transcription. Correlating AS with APs may also facilitate
promoter identiﬁcation, regulatory module detection, and shed light
on potential connections between such events.
Materials and methods
Sequence acquisition
Xuan et al. [21] had determined the conservation scores for regions
ﬂanking the TSSs in various lengths, and found that −700 to +300
around TSSs gave the best discrimination. As discovered, a gene may
have more than one independent TSSs (alternative TSSs). In present
study, the same deﬁnition was adapted for the PAPs. For the 3797
human AS genes identiﬁed from the Swissprot database (http://
www.expasy.org/sprot), a total of 9908 PAPs were retrieved from the
DBTSS database (release 5.2; http://dbtss.hgc.jp) [45]. Gene symbols
and relevant information were listed in Supplementary File 1. Based
on the numbers of PAPs they possess, selected AS genes were
classiﬁed into 11 groups. Those with more than 10 PAPs were assigned
to a separate group. Genes containing two or more PAPs were deﬁned
as PAP-rich, otherwise they were counted as PAP-poor.
Calculation of the GC-content
Using a self-written Matlab program, GC-content of the [−700,
−1] region and the [+1, +300] region ﬂanking the TSSs was
calculated for each PAP. Average GC-content of up- and downstream of
PAPs was also calculated for each AS gene group.
Identiﬁcation of CpG islands
CpG islands are clusters of CpG dinucleotides in GC-rich regions and
represent an important feature of the mammalian genome [23]. In this
study, PAPs were classiﬁed as CpG-/TATA box-richwhen they contained
one or more CpG islands/TATA boxes, otherwise, they were counted as
CpG- or TATA box-poor. CpG islands in PAPs were identiﬁed with
TOUCAN workbench (http://www.esat.kuleuven.ac.be/∼saerts/soft-
ware/toucan.jnlp) [46]. The distribution of CpG islands was also
calculated. Every 100 bases were marked as one PAP region and the
number of CpG islands in each regionwas counted. The CpG score was
estimated from all investigated PAPs. For the search of TATA boxes, the
Match program was run for TRANSFAC database (http://www.gene-
regulation.com) [47] using the matrices V$TATA_01 and V$TATA_C
with the search conditions of−50 to−1, cut-off values of minFN.
Repetitive element detection
A RepeatMasker program (available at http://www.repeatmasker.
org) was used for detecting repetitive elements within the PAPs, with
the RepBase library used as the reference [48]. Proportions of PAPs
containing various types of repetitive elements, including SINEs,
LINEs, LTR elements, DNA elements, simple repeats, and LCRs were
respectively evaluated. Average content of various repetitive elements
in the relevant PAPs was also calculated.Identiﬁcation of transcription factor binding sites (TFBSs)
TFBSs for each PAP were detected by the use of Motifscanner.
JASPAR model V1.0 was adapted as matrix models parameters, which
represented optimized thresholds for the core and matrix scores. The
average content of various TFBSs families between −300 and +700
ﬂanking the TSS was calculated. Relative density of TFBSs of a certain
family in the up- and downstream was evaluated as: sum of TFBSs
within downstream/sum of TFBSs within upstream. TFBSs sequences
belonging to a particular family were subsequently pooled together as
the sequence of this family. Using a self-written Matlab program, the
GC-content of each family was calculated (Supplementary File 5).
TFBSs whose GC-content was higher than 60% were deﬁned as GC-
rich. Relative density of TFBSs for each family was evaluated as: sum of
TFBSs of the family in the downstream/sum of TFBSs of the same
family in the upstream. Proportion of GC-poor and GC-rich TFBSs with
various relative densities were also determined.
Statistical tests
All data were analyzed with the Statistic Analysis System (SAS).
Values in different groups were compared using the Wilcoxon rank
sum test and Student–Newman–Keuls test.
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